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Objectives: Previous explant retrieval studies have shown ruptures occurring on the remeshing line and the guide line of
two types of warp-knitted grafts. The aim of our study was to characterize the mechanisms these ruptures.
Materials and methods: We performed an in vitro study of the mechanical and chemical characteristics of virgin
prostheses. We studied 2 virgin polyester warp-knitted grafts models: the Cooley Double Velour and the Microvel Double
Velour constructed by Meadox (USA), using the following techniques: characterization and de-knitting of the textile
structure, circumferential tensile strength, filament dynamometry, critical dissolution time of the filaments and scanning
electron microscopy.
Results: Both prostheses were constructed in the same way but the texturized yarns of the Cooley graft included twice as
many filaments (54) than the Microvel (27). There was more adsorbed tension in the Cooley structure than in the Microvel.
The circumferential tensile strength test demonstrated that the Cooley graft always ruptured on the remeshing line and the
Microvel graft always ruptured at the interface between the remeshing line and the standard line. Filament dynamometry
demonstrated a heterogeneous behavior of the filaments inside the yarns, mainly at the remeshing line of the Cooley graft
(27.1 cN/tex ^ 11.5% versus 26.1 cN/tex ^ 2.2% for the guide line and 28 cN/tex ^ 6.7% for the standard knit). Critical
dissolution time of the filaments was significantly lower for the Microvel grafts (2.5 sec versus 17.2 sec for the Cooley).
Conclusions: Rupture of knitted polyester prostheses are probably an underestimated phenomenon. They may occur at
specific areas of the graft. Further studies are required to determine whether all grafts of this type are at risk.
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Introduction
Dilatation and rupture are two complications of long
term degradation of polyester vascular prostheses.1 – 3
The mechanisms of degradation are not yet clearly
understood but are probably multifactorial. Degra-
dation may be related to a pre-existing weakness of the
prosthesis prior to implantation, such as a poor design
of the textile structure, or alterations of the prosthesis
during its manufacturing process.4 Weft-knit grafts
have been discarded because of their poor long-term
stability, characterized by the frequent onset of holes
and tears after short terms of implantation, and have
been replaced by warp-knit grafts.2,5 – 8 However,
despite their higher stability, warp-knit grafts have
been reported to rupture sporadically.9 – 15 In a
previous study, we analyzed 20 explanted prostheses
that had ruptured.16 These prostheses were 15 Cooley
Double Velour and 5 Microvel Double Velour
(Meadox, USA) which were explanted after a mean
(SD) duration of 16.0 (3.3) years. We demonstrated that
the ruptures occurred on two specific areas of the
textile structure that we considered as areas of
weakness: the remeshing line and the guide line.
The aim of the present study was to determine if the
ruptures observed on both the remeshing and guide
lines could be predicted by chemical and mechanical
investigation of the virgin prostheses.
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Material and Methods
The prostheses
We analyzed the two models of virgin prostheses in
which we had previously observed ruptures: the
Cooley Double Velour and the Microvel Double
Velour. Both grafts were constructed by Meadox
Medical, Oakland, NJ, USA. The specimens, we
studied were taken from the 8 mm diameter limbs of
bifurcated 16 £ 8 mm prostheses.
Characterization of the textile structure
The characterization was performed under a stereo-
scopic microscope (Microscope 1630, Euromex, The
Netherlands). We determined the technique of knitting
used for the construction of the three different parts of
the prostheses: the standard knit, the guide line, and
the remeshing line. We isolated 3 columns of stitches of
2.5 cm of length in the standard knit, the guide line,
and the remeshing line. We measured the length of
each column under a stress of 40 N. The stitches were
then de-knitted and their length was measured after
separation under a stress of 0.5 cN/tex. After de-
knitting the columns, we obtained the length of yarn
necessary to create the stitches. Finally, we studied the
yarns by measuring the lineic mass (a filament with a
lineic mass of 1 tex has a weight of 1 kg for 1 m), the
number of filaments, and the diameter of the filaments.
These investigations were performed according to the
recommendations of the national and international
textile standards NF G07-316 and ISO 7211-5.
Circumferential tensile strength
The circumferential tensile strength test was carried
out on ten samples of both prostheses. The tests
were performed on a Lhomargy DY11 dynamometer
(Lhomargy, Ivry-sur-Seine, France) according to draft
international standard ISO/DIS 7198. This test allows
to apply a stress to the prosthesis simulating dilatation
and revealing potential areas of weakness. We
analyzed the site of the rupture and the maximum
stress and dilatation at rupture.
Filament dynamometry
Filaments taken from yarns of the standard knit, guide
line, and remeshing line were studied by filament
dynamometry using a yarn dynamometer (Lhomargy,
Ivry-sur-Seine, France). Ten specimens were studied
for each experiment. The results were expressed as the
tenacity in cN/tex with the average value and the
coefficient of variation. The curves obtained for each
specimen were recorded.
Critical dissolution time
A Pyrexw test-tube containing a 100% phenol solution
(Rectapurw, Prolabo, Paris, France) was immersed in a
thermostated bath. The temperature of the bath was
fixed at 508C ensured by a thermostat. The circulation
of the water inside the bath was ensured by a small
turbine. The Pyrexw test-tube isolated the phenol from
the heated water of the bath and allowed to follow the
experiment of dissolution visually.
The procedure of measurement was carried out on a
filament sample in the form of a loop at the end of
which a weight ensuring a pre-tension proportional to
the title of the sample (0.01 N. tex21) was fixed. The
other end of the loop was fixed to a support. The
sample with its pre-tension weight was immediately
immerged into the phenol test-tube and a chronometer
was started. The fall of the pre-tension weight to the
bottom of the tube gave the time necessary for the
dissolution of the sample. The tests were carried out
on 58 filament samples taken from yarns extracted
from the standard knit, remeshing line, and guide line.
The results were expressed in seconds with the
average and the coefficient of variation.
Scanning electron microscopy
We studied virgin prostheses on the standard knit, the
remeshing line, and the guide line before their
de-knitting, and filaments randomly taken from
yarns of the standard, remeshing line, and guide
line. The specimens were analyzed by scanning
electronic microscopy (Hitachi S-2360N, Elexience,
Verrie`res le Buisson, France), without metalization, in
partial vacuum conditions (0.1–0.15 Torr), and under
an accelerating voltage ranging from 8 to 18 KeV.
Statistical analysis
The results of filaments dynamometry and critical
dissolution time were compared by using a comparison
of variance test (ANOVA), programmed on Windows
Visual Basic, Microsoft.
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Results
Characterization of the textile structure
The Cooley Double Velour and the Microvel pros-
theses were constructed with the same textile structure
(Fig. 1). The standard knit and the guide line were
constructed with 2 yarns, 1 texturized and 1 flat,
whereas the remeshing line was constructed with only
two flat yarns. The filaments constituting the yarns
had the same diameter. The texturized yarns of the
Cooley included twice as many filaments (54) as those
of the Microvel (27). After de-knitting, the length of the
columns of the remeshing line of the Cooley increased
in a 20% of its initial length whereas those of the
Microvel decreased in a 15% ratio. Moreover, the
absorbed length of the flat yarn of the Cooley was
higher than the Microvel.
Circumferential tensile strength
The circumferential tensile strength test demonstrated
that the area of the remeshing line was an area of
weakness. The Cooley always ruptured on the
remeshing line and the Microvel always ruptured at
the interface between the remeshing line and the
standard knit (Fig. 2). For the Cooley, the mean stress
at rupture was 58.91 ^ 0.81 N cm21 and the dilatation
at rupture was 173.66 ^ 3.11%. For the Microvel, the
mean stress at rupture was 68.12 ^ 3.48 N cm21 and
the dilatation at rupture was 203.49 ^ 4.19% ðp ,
0:001Þ:
Filament dynamometry
The Cooley Double Velour prosthesis
On the standard knit, the mean tenacity of the
Fig. 1. Schematic characterization of the textile structure of the Cooley Double Velour and the Microvel Double Velour
prostheses.
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filaments taken from the short (28.02 cN/tex) and long
yarns (26.42 cN/tex) was not significantly different
(Table 1). The elongation of the filaments at the rupture
was more important for the long yarns (74.36%) than
for the short yarns (63.47%) ðp , 0:001Þ: On the guide
line, the mean tenacity of the filaments taken from the
short (26.12 cN/tex) and long yarns (26.74 cN/tex)
was not significantly different. The elongation of the
filaments at the rupture of the long yarns (66.70%) was
also slightly more important but not significantly than
for the short yarns (62.96%), with a more homogenous
behavior of the filaments of the short yarns. On the
remeshing line, the mean tenacity of the short
filaments (27.13 cN/tex) was not significantly different
from those of the short filaments of the remeshing line
and of the guide line. However, the behavior of the
filaments was more heterogeneous than the short
filaments of the standard knit line and the guide line as
demonstrated by its higher coefficient of variation.
The Microvel Double Velour prosthesis
On the standard knit, the mean tenacity of the
filaments taken from the short (25.37 cN/tex) and
long (22.78 cN/tex) yarns were significantly different
ðp , 0:01Þ: The filaments of the long yarns demon-
strated a significantly higher heterogeneous behavior
than those of the short yarns. The elongation of the
filaments at the rupture was more important for the
short yarns (67.89%) than for the long yarns (62.68%).
As observed with the tenacity, the filaments of the long
yarns demonstrated a more heterogeneous behavior in
terms of extension at rupture as shown by their higher
coefficient of variation. On the guide line, the short and
long filaments had similar results of elongation at
rupture and different tenacity. On the remeshing line,
the mean tenacity of the short filaments (23.56 cN/tex)
was lower than those of the short filaments of the
standard knit and of the guide line ðp , 0:05Þ: The
elongation at rupture of the filaments (62.89%) was
lower than those of the short filaments of the standard
line (67.89%) and remeshing line (69.83%) ðp , 0:01Þ:
Critical dissolution time
The Cooley Double Velour prosthesis
On the standard knit and the guide line, the mean
critical dissolution time of the short filaments (respect-
ively, 10.0 and 11.1 sec) was significantly lower than
those of the long filaments (respectively, 20.9 and
17.3 sec) ðp , 0:05Þ (Table 2). However, the behavior of
the short filaments was more heterogeneous as
demonstrated by their high coefficient of variation
(respectively, 70.7 and 62.5%). The mean critical
dissolution time of the filaments of the short guide
line was the lowest (5.7 sec) ðp , 0:05Þ:
Fig. 2. Circumferential stress test. (A) Area of rupture of the
Cooley Double Velour prosthesis. (B) Area of rupture of the
Microvel Double Velour prosthesis.
Table 1. Results of the filament dynamometry.
CDV MDV
Average CV
(%)
Average CV
(%)
Standard knit (short) E (%) 63.47 11.76 67.89 11.31
T (cN/tex) 28.02 6.73 25.37 3.65
Standard knit (long) E (%) 74.36 14.78 62.68 19.12
T (cN/tex) 26.42 11.89 22.78 14.41
Guide line (short) E (%) 62.96 6.09 69.83 10.55
T (cN/tex) 26.12 2.20 25.81 3.88
Guide line (long) E (%) 66.70 12.27 69.29 11.85
T (cN/tex) 26.74 6.09 24.59 6.32
Remeshing line E (%) 62.03 11.96 62.89 10.44
T (cN/tex) 27.13 11.49 23.56 6.04
CDV, Cooley Double Velours; MDV, Microvel Double Velour; E,
elongation at rupture; T, tenacity; CV, coefficient of variation.
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The Microvel Double Velour prosthesis
On the standard line, there was no significant
difference between the short and the long filament.
On the guide line, the critical dissolution time of the
short filaments (5.3 sec) was significantly lower than of
the long filaments (6.3 sec). The critical dissolution
time of the remeshing line filaments (4.0 sec) was
significantly lower than of the other filaments of the
standard line and guide line.
Scanning electron microscopy
The microscopic examination showed filament degra-
dations of several types (Fig. 3). There were three main
types of degradation. The first were single or multiple
crushings. This type of defect was visible for the
various types of filaments. It seemed, however, that
this defect was more frequent for the filaments
originating from the remeshing line. The origin of
this flatness seemed to result from mechanical action
reaching the plastic behavior of the filament. The
second category of deterioration was localized thin-
ning of the filament. This particular shape seemed
related to a wear phenomenon on the whole of the
filament perimeter and was frequent for all the
examined filaments. The third class of degradation
was noted on the filament surface. Simple longitudinal
cuts or deep notches, which are sometimes transverse
were observed. These degradations are due to acci-
dental damage to the filaments during the manufac-
turing process.
Discussion
Ruptures of polyester textile prostheses have been
rarely reported in the literature. In a previous study16
as a part of a European collaborative retrieval
program, we collected 20 cases of ruptures occurring
on two similar prostheses constructed by the same
manufacturer. We demonstrated that these ruptures
were not randomly distributed on the textile structure
of these warp-knitted prostheses but that they
occurred on two well-defined areas: the remeshing
line and the guide line. The guide line is obtained by
the incorporation of a dyed yarn in the knit. It is
created in order to avoid twists of the prosthesis at the
time of its implantation. The remeshing line is created
by the technique of warp-knitting. Two bands are
simultaneously knitted and are joined together to
create a tube. These two lines may be considered as
areas of weakness.
The analysis of the textile structure of the prostheses
after separation of the columns of stitches and de-
knitting filaments in the standard knit, the guide line
and the remeshing line, allowed us to evaluate the
stresses applied to the yarns during the knitting
process. We observed that the maximum stress was
applied on the remeshing line of both models of
prostheses. It was particularly obvious for the
Microvel were the remeshing line was under tension
since its length after separation of the column of
stitches decreased from 1 to 0.85 cm. This tension of
the stitches was also visually observed by scanning
electron microscopy. On the other hand the column of
stitches of the standard knit increased to 1.3 cm. In
fact, the difference of stress applied to these two
contiguous columns is completely absorbed by the
yarns insuring their liaison. This stress may weaken
the yarns and promote further rupture after implan-
tation. The differences of the interlacing of the stitches
of the guideline and the remeshing line with those of
the standard line can consequently explain the sites of
the ruptures. On the Cooley Double Velour, the length
of the column of the remeshing line did not decrease
after separation as observed on the Microvel. How-
ever, there was a difference of stress between the
remeshing line and the standard knit since after
separation, their columns increased, respectively,
from 1 to 1.2 and 1.6 cm. The weakening of the
remeshing line of the Cooley itself may probably be
related to the fact that the construction of the
remeshing line used two yarns of the same length.
Consequently, the ability of the remeshing line to
absorb a stress is lower than of the remaining structure
of the prosthesis constructed with one long and one
short filament. The analyze of the textile structure of
the guide line did not explain a weakening on both
models of prostheses.
Filament dynamometry highlighted modifications
of the mechanical behavior of monofilaments after
the manufacturing of the prosthesis. The resistance
of a yarn is equal to the resistance of each filament
multiplied by the number of filaments. The study of
the mechanical behavior of the filaments taken from
Table 2. Results of the analysis method of the critical dissolution
time of the filaments.
CDV MDV
Mean CV (%) Mean CV (%)
Standard line (short) 15.1 42.3 5.9 60.1
Standard line (long) 24.1 23.9 7.2 70.2
Guide line (short) 7.8 85.1 5.1 50.5
Guide line (long) 22.7 47.6 8.3 74.8
Remeshing line 17.2 52.1 2.5 49.9
CDV, Cooley Double Velours; MDV, Microvel Double Velours; CV,
coefficient of variation.
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Fig. 3. Scanning electron microscopy. (A) Wearing of the filaments extracted from the standard knit; (B) surface lesions on the
filaments extracted from the standard knit; (C) significant lesions on the filaments extracted from the yarn of the guide-line;
(D) surface lesions on the filaments extracted from the yarn of the guide-line; (E) longitudinal crushing of the filaments
extracted from the yarn of the remeshing line; (F) significant crushing of the filaments extracted the yarn the remeshing line.
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yarns extracted from the different areas of the
prostheses highlighted two phenomena of hetero-
geneity. First, we observed an heterogeneity of the
mechanical behavior of the filaments inside a same
yarn, this heterogeneity being characterized by
major differences in terms of resistance and break-
ing extension. Secondly, we showed differences of
mechanical behavior of the filaments according to
the area from where the yarns were extracted. We
believe that this heterogeneity of mechanical beha-
vior may lead to the fracture observed in the textile
structure. In these conditions of heterogeneous
behavior of the filaments inside a yarn, the
resistance of yarn will be no more the resistance
of each filament multiplied by the number of
filaments It will be conditioned by the resistance
of the filament which will break for the smallest
extension. Consequently, such a yarn will be
exposed to a gradual rupture of the filaments
which may generate longitudinal tears in the
prosthesis as described on the explanted prostheses
in human.
Both prostheses were constructed with a short
yarn and a long texturized yarn. The texturation of
a long yarn deeply modified the elongation proper-
ties of the filaments. Consequently, it is logical to
find significant difference of mechanical behavior
between short and long yarn inside the same
column of stitches. The differences are observed on
the Cooley prostheses except at the level of the
guideline. The filaments of the guideline are dyed
and this dying performed at high temperature in an
aqueous solution may homogenize the mechanical
properties of the filaments. However, we did not
observe significant difference of tenacity of the
filament after the texturation.
In the Microvel prosthesis we found significant
differences of behavior of the short filaments depend-
ing of the extraction area. Consequently, the knitting
process of this prosthesis significantly influenced the
behavior of the short filaments. It was particularly
obvious on the standard knit were the short and long
filaments demonstrated the same behavior, contrary to
the Cooley prosthesis. The tenacity of the filaments
was also significantly influenced by the area from
where they were extracted. These observation demon-
strated that the modification of behavior was related to
the different steps of manufacturing process.
We used the method of the critical dissolution time
to evaluate the state of macromolecular degradation of
the polyester yarns.18 This technique indirectly
evaluated the degradation state of the filaments by
the study of the links number between the macro-
molecular chains of polyester inside the polymeric
structure. The more inter-macromolecular links break,
the faster the dissolution of the polyester yarn is
achieved. Our results showed that the dissolution time
of the filaments taken from the guide line and from the
remeshing line was significantly lower than those of
the filaments taken from the standard knit. The higher
dissolution time of the long and texturized filaments
was related to their thermal treatment during the
texturization process.
The areas of weakness that we have demonstrated
are probably not sufficient to normally cause rupture
considering the very small number of ruptures
reported in the literature. During the manufacturing
process, the polyester filaments and yarns can be
degraded by texturization. This is obtained by
thermofixation after the application of longitudinal
or transverse stresses and of torsion. It will generate
irregularities of the structure and the geometry of the
filaments. After knitting, the prosthesis are compacted
in order to decrease its porosity by a thermal and/or
chemical swelling of the polyester filaments. This
treatment can also modify the molecular arrangement,
and the orientation or the crystallinity of the polymer,
affecting its mechanical properties. Crimping can also
modify the filaments since it is carried out by
thermofixation. The application of mechanical and
thermal constraints can also modify the structure of the
polymer and create the deformations of the filaments
as observed by scanning electron microscopy. Finally,
the prosthesis is cleaned with chemical reactants that
may modify the surface chemistry of the polyester
filaments. The prosthesis can also be degraded at the
time of its implantation. All these lesions of the textile
structure occurring before or during the implantation
of the prosthesis could promote an accelerated in vivo
biodegradation of particular types of prostheses. After
the implantation, pulsatile arterial stress and the
enzymatic environment of the surrounding tissues
may accelerate the polymer degradation.17
In conclusion, our study demonstrates that the
observed on explanted knitted vascular occur at areas
of weakness. These areas of weakness seem to be
related to the manufacturing process, which may
induce physical and chemical modifications of the
polyester yarns. Further studies are required to
determine whether similar grafts made by other
companies have similar areas of weakness.
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